We have measured the turbidity for a series of solutions of polymethylmethacrylate in 3-octanone ͑PMMA/3-OCT͒ with various polymer molecular weights. The obtained correlation length ͑͒ and the osmotic compressibility ͑͒ show power law dependence on both the reduced temperature ⑀ ϭ(TϪT c )/T c and the degree of polymerization N of the polymer chains, i.e., ϳN , with the associated scaling exponents in good agreement with theoretical predictions. When the results of the present experiment are combined with those from an earlier coexistence curve measurement ͓K.-Q. Xia, X.-Q. An, and W.-G. Shen, J. Chem. Phys. 105, 6018 ͑1996͔͒, it is found that the concept of two-scale-factor universality applies to systems consist of the same polymer/solvent pair but with different molecular weights.
I. INTRODUCTION
Polymer solutions near their critical points are known to exhibit power-law dependence on both the reduced temperature and the degree of polymerization N. Thus apart from a system-dependent constant, two scaling exponents fully characterize any thermodynamic property of a polymer solution near its critical point. In a recent coexistence curve measurement, 1 we determined both the temperature exponent and the N exponent for the order parameter. It has long been believed that analogous to those between the temperature exponents, similar scaling laws exist for the N exponents as well, 2, 3 and that only two of these exponents are independent, with the one for the correlation length being the most fundamental. The status on the nonclassical value of this exponent ( ) for the correlation length is, however, far from satisfactory. Early light scattering measurements from solutions of polystyrene ͑PS͒ in cyclohexane ͑CH͒ 4, 5 and in methylcyclohexane ͑MCH͒ 6 reported the value of to be around 0.28ϳ0.29. A recent critical adsorption measurement 7 in PS/CH also indirectly determined to be around 0.26. Theoretically, de Gennes 8 has predicted Ӎ0.185 using a nonclassical scaling argument, and Stepanow, 9 in a later renormalization group calculation, has obtained Ӎ0. 17 . By proposing a new scaling variable, Sanchez, 3 using coexistence curve data 10 for PS/MCH, obtained ϭ0.197. Thus no direct measurement so far has been able to confirm the theoretical predictions for . More direct and precision measurements of the correlation length in polymer solutions are therefore needed in order to resolve this apparent discrepancy. And preferably, the measurements be done for nonpolystyrene systems, so that universality can also be checked.
The correlation length for simple binary liquid mixtures and polymer solutions can be obtained from measured static structure factors in light scattering experiments. However, strong multiple scattering near critical points often complicates the interpretation of the measured intensity angular distribution of the scattered light. Correlation length can also be extracted from turbidity measurements where the effect of multiple scattering is much smaller than it is in angular distribution measurements. 11, 12 The turbidity is defined as ϭ(Ϫ1/L)ln(I t /I 0 ), where L is the length of the scattering medium, and I t is the transmitted and I 0 is the incident light intensity. The turbidity , the correlation length , and the osmotic compressibility ͑susceptibility of the polymer solution system͒ are related by an integrated form of the Ornstein-Zernike equation 13, 14 
where 0 is the wavelength of the light in vacuum, n and are, respectively, the refractive index and the polymer volume fraction of the solution, k B is the Boltzmann constant, and T is the absolute temperature. The correlation length enters through the function f (␣)
with ␣ϭ2(2n/ 0 ) 2 . Note that the correlation length and the osmotic compressibility can be written as power laws of the reduced temperature ⑀ϭ(TϪT c )/T c and N, i.e.,
Thus, in principle, the measurements of turbidity will yield four exponents, , ␥, , and ␥ . Combination of the present results with those from our recent coexistence curve measurements for the same system 1 will allow us to test a relation between the related exponents, 3 and therefore the idea of two-scale-factor universality 15, 16 ͑see Sec. III for detailed discussions͒.
The rest of this paper is organized as follows. In Sec. II, we describe in detail our turbidity measurements in the single-phase region of the solutions of PMMA in 3-OCT for six different molecular weights of the polymer. The measured results are presented, analyzed, and discussed in Sec. III. Finally, our findings are summarized in Sec. IV.
II. EXPERIMENT
In the present experiment, we used the original samples that were used in our earlier coexistence curve measurements, 1 i.e., the same solutions contained in the same square cells. The sources of materials and the method of sample preparation for these solutions have been detailed in Ref. 1, and will not be described here. Due to the wellknown slow drifting of critical temperatures, the T c 's for these samples have been remeasured ͑using the method described in Ref. 1͒ just before the turbidity measurements were commenced, and their values are listed in Table II .
The 10 mm pathlength optical square cell were placed in a well-stabilized water bath ͑temperature fluctuation ⌬T рϮ2 mK͒, with the temperature control and measurement apparatus exactly those used in the coexistence curve experiment. The sample holder was attached to a precision horizontal translation stage with fine level-adjustment and could be moved vertically. A well-collimated He-Ne laser ( 0 ϭ632.8 nm) was used as the light source. A neutral density filter was placed between the laser and the sample cell to adjust the incident light intensity for measurements conducted at different temperatures, and the filter was aligned to be exactly perpendicular to the incident laser beam so that it does not introduce a shift in the beam position. The detector assembly consisted of a 1 mm diameter aperture, a 632.8 nm interference filter ͑bandwidth 3 nm͒, and a photodiode with 1.8 mm 2 active area. The 1 mm sized aperture together with its 20 cm distance from the cell resulted in a negligible contribution to the detected intensity from scattered lights which include those from multiple scattering. The output voltage of the photodiode, which is proportional to the transmitted light intensity, was first amplified and then measured by a 7-digit voltmeter. We define V s as the output voltage when the sample cell is in the light path of the laser beam, and V 0 as that when the cell is out of the light path. These two voltages were measured by moving the cell in and out of the laser beam alternatively using the translation stage. These were repeated ten times for each measurement and an average value of V s /V 0 was obtained. The turbidity was then given by
where Lϭ10 mm is the light pathlength in the cell, and b is the background turbidity which was determined as follows. The ratio V s /V 0 was first measured at various temperatures; when the temperature is far away from the critical point, this ratio becomes a constant. The natural logarithm of this constant divided by L was then taken as b . The total uncertainty in , including those arising from the measurement of b and the nonlinearity of the detector, was estimated to be about 0.01 cm
Ϫ1
.
III. RESULTS AND DISCUSSION
The turbidity measurements at various temperatures in the one-phase region of the solutions were conducted for each of the six critical samples, with their respective polymer molecular weights being 26 900, 48 600, 95 000, 143 000, 227 000, and 596 000 g/mol. The measured results are listed in Table I . For small ␣, i.e., large (TϪT c ), f (␣) approaches its maximum value of 8/3 and Eq. ͑1.1͒ becomes
Thus a log-log plot of against ⑀ for large (TϪT c ) should be a straight line with the slope being the temperature exponent Ϫ␥ of the osmotic compressibility. Following the procedure of Puglielli and Ford, 13 we determined the value of ␥ for each sample by a least-squares fit in the temperature range of (TϪT c )у0.5 K in which the turbidity is linear with ⑀ on a log-log scale. Figure 1 shows one example of such a plot for the solution with the PMMA molecular weight being 143 000 g/mol. The line in Fig. 1 To analyze the turbidity data in the entire temperature range, the coupling constant ‫ץ‬n 2 /‫ץ‬ϭ2n(‫ץ‬n/‫)ץ‬ must be known. The dependence of the refractive index n on temperature T and on polymer volume fraction for PMMA/3-OCT can be obtained from our previous work
With the help of Eq. ͑3.2͒, and by fixing the exponent ␥ to its experimental values obtained above, we used a threeparameter nonlinear least-squares fitting program to fit Eqs. ͑1.1͒-͑1.4͒ to each of the six sets of turbidity data separately and obtained the values of the exponent which are listed in column 4 of Table II . Again, it is seen there that these values of agree well with the theoretical value of 0.63 for the 3-D Ising model ͑the average for the six values of is, coincidentally, also 0.63͒. Having verified that the temperature exponents ␥ and are indeed close to their theoretically expected values, we repeated the above fitting procedures by fixing ␥ϭ1.24 and ϭ0.63 ͑i.e., to their respective theoretical 3-D Ising values͒ for all samples. As the values of amplitudes are known to be sensitively dependent upon the values of exponents in power law fits, using a single value of the exponent allows one to make a meaningful comparison among the amplitudes for different molecular weights. 6 The obtained critical amplitudes 0 and 0 from these twoparameter fits are listed in columns 5 and 6 of Table II, respectively. The N exponents are then obtained by fitting (Å). By comparing this with Eq. ͑1.3͒, we obtain the exponent ϭ0.15Ϯ0.02, which is in good agreement with the renormalization group result 0.17 obtained by Stepanow, 9 and is also in line with those by de Gennes ͑0.185͒ and Sanchez ͑0.197͒. The exponent ␥ can be similarly determined as is shown in Fig. 3 ). Thus ␥ ϭϪ0.05Ϯ0.03, which is again in line with Stepanow's theoretical value of Ϫ0.03. Note that the relative error for ␥ is considerably larger than that for , this is due to the very small absolute value of ␥ itself. The error bars in Figs. 2 and 3 are 5% of the respective values of 0 and 0 , these are estimated to be the systematic errors in the measurements of turbidity and critical temperature, while the uncertainties quoted for 0 and 0 in Table II are statistical errors given by the fitting program which did not include contributions by systematic errors.
To estimate the effect of the possible errors in the determined background turbidity b on the extracted exponents, we inserted an additive parameter c on the right side of Eq. ͑1.1͒. The value of c was taken as a measure of the error in due to the possibly incorrect subtraction of the background b . We then repeated the above fitting procedure which gave 0 , 0 , and c for each of the six solutions. The obtained values of c were smaller than the estimated error of 0.010 cm Ϫ1 for b for all samples except the one with highest molecular weight (M w ϭ596 000 g/mol), which was 0.015 cm
Ϫ1
. This suggests that the background turbidity has been properly determined by the method described in Sec. II. The values of 0 and 0 from this new fit were larger than those from the two-parameter fit, but the relative differences were all less than 10% except those for the sample with the highest molecular weight. The relative differences for 0 and 0 in that case were 12% and 20%, respectively. The new values of 0 and 0 were then used to obtain new values of and ␥ , which are 0.17Ϯ0.02 and Ϫ0.03Ϯ0.05, respectively. Therefore, we believe that the value of is between 0.13ϳ0.19, and the value of ␥ is between Ϫ0.08ϳ0.02. It is seen that our supports the predictions of Stepanow, de Gennes, and Sanchez; and that our ␥ is consistent with the result of Stepanow. Our result is also consistent with the relation 2 Ӎr as pointed out by Sanchez, 3 where r is the exponent on N for the critical polymer volume fraction and its value is generally accepted to be 0.38Ϯ0.01.
When combined with our coexistence curve results, the turbidity measurements allow us to test the concept of twoscale-factor university, which states that certain combinations of the critical amplitudes for some thermodynamic properties of a system are the same numerical constants for all systems belonging to the same universality class. 15, 16 One example is the ratio R which relates the amplitudes of the order parameter, the correlation length, and the osmotic compressibility 17 (cm
).
where B is the amplitude of the order parameter defined as
͑3.4͒
Within an universality class R above is a constant, which means that the length scale 0 is not independent but is universally related to the two independent thermodynamic scales ͑in this case, B and 0 ͒. For 3-D Ising model, R has a theoretical value 15, 16 of 0.65ϳ0.67. On the experimental side, it has been found that Rϭ0.68ϳ0.74 for three different one-component systems of liquid-gas transitions, 17 and that it ranges from 0.47 to 0.86 for eight different low-molecularweight binary liquid mixtures. 18, 19 In a more recent experiment, Stafford et al. 20 have found Rϭ0.66 for a solution of a single molecular weight polystyrene in diethyl malonate. To our knowledge, R has not been tested by treating polymer solutions containing the same polymer/solvent pair with different molecular weights as different systems.
To calculate the value of R for our data, the amplitude B is needed. Because we obtained our 0 and 0 by fixing and ␥ to their theoretical values, for consistency we reanalyzed the results of our coexistence curve measurements 1 for PMMA/3-OCT by fitting Eq. ͑3.4͒ to the data with ␤ fixed at its theoretical value of 0.327, the obtained values of B are listed in column 7 of Table II . The relative uncertainty in B, including the errors in the measured refractive index n and that in converting n to the polymer volume fraction , was estimated to be about 4%. The relative error of R is then estimated to be ϳ6%. The calculated values of R are listed in column 8 of Table II with their average being 0.61 Ϯ0.03, which is in good agreement with theoretical predictions within experimental uncertainly and also compares well with those from other experiments. Now we have verified within experimental uncertainty that R is indeed a constant independent of the molecular weight M of the polymer, from Eq. ͑3.3͒ it is seen that this is equivalent to requiring a relation among the three N exponents ␤ , , and ␥ , i.e.,
which is analogous 21 to a similar relation for the ⑀ exponents (3ϭ2␤ϩ␥). To check the consistency between our experimentally determined N exponents, we calculated the sum on the left side of Eq. ͑3.5͒ by taking ␤ ϭϪ0.22 ͑see Ref. 1͒, ϭ0.15, and ␥ ϭϪ0.05. The result is 0.02 which is smaller than the uncertainties involved in determining the sum. As a comparison, we also calculated the same sum for the system of PS/MCH ͑using ␤ ϭϪ0.28, ϭϪ0.28, and ␥ ϭ0.03, as summarized in Ref. 3͒, which is 0.07ϳ0.08. This implies that our results are more consistent with Eq. ͑3.3͒ of the two-scale-factor universality hypothesis. The reason may be because the same samples were used in both of our coexistence curve and turbidity measurements, while the three exponents in Ref. 3 were from different studies.
IV. CONCLUSION
We have determined the correlation length ͑͒ and the osmotic compressibility ͑͒ for critical solutions of polymethylmethacrylate ͑PMMA͒ in 3-octanone ͑3-OCT͒ via turbidity measurements. The experiments were performed for each of six different molecular weights of PMMA. From the experimental and , their scaling exponents on the reduced temperature ⑀ and on the degree of polymerization N were obtained. The average values of the temperature exponents ͑ϭ0.63 and ␥ϭ1.23͒ were found to be in excellent agreement with their theoretical values according to the 3-D Ising model. The N exponents ͑ Ӎ0.13ϳ0.19 and ␥ ӍϪ0.08 ϳ0.02͒ were found to support those from theoretical calculations, 8, 9 and from a recent scaling analysis based on measured coexistence curve data. 3 We note that our is quite different than those from early light scattering experiments, [4] [5] [6] and a recent critical adsorption measurement, 7 all of which are more closer to the mean field value of 1/4 than to those predicted by nonclassical theories.
Combining our earlier results from coexistence curve measurements, we found support for the idea of the twoscale-factor universality in that a combination of the critical amplitudes for the correlation length, the osmotic compressibility, and the order parameter is a universal number (R) that is independent of the molecular weights of the individual samples. This is also equivalent to requiring the respective N exponents , ␥ , and ␤ of these three quantities satisfy Eq. ͑3.5͒, analogous to that between their corresponding temperature exponents. Furthermore, the universal number R is found to agree with its theoretical value for the 3-D Ising universality class.
